Rice (Oryza sativa L.) is an excellent model plant among the monocot crop species based on the fact that it has a relatively small genome of about 440 Mb (1) and is suitable for efficient genetic analysis and transformation. Draft rice genome sequences of the major subtypes japonica (2) and indica (3) have been published. The complete map-based genome sequences of chromosomes 1 (4) and 4 (5) of the Nipponbare cultivar have been reported and it is expected that the complete genome of japonica will be decoded and made available to the public (International Rice Genome Consortium, Japan).
In the postgenomic era, proteomics is becoming increasingly important because proteins are directly related to function (6) . Because proteins are involved in most processes of living cells, a detailed understanding of the proteome is critical to the study of cells and organisms at the molecular level. Furthermore nucleotide sequences provide limited information about the protein complement of the genome, in large measure due to post-transcriptional regulation, which results in a lack of correlation between transcript levels and protein abundance. With the availability of genome sequences, proteomics is playing an increasingly important role in genome annotation and has recently been applied toward the understanding of plant development, disease resistance, photosynthesis, and other aspects of the plant proteome (7, 8) .
The last decade has seen considerable progress in developing the field of rice proteomics with several studies describing the separation and characterization of proteins from various tissues or subcellular components (9, 10) . Several studies have dealt with the construction of proteomes for complex samples from rice, such as leaf, embryo, endosperm, root, stem, shoot, anther, and callus (11) (12) (13) (14) (15) (16) (17) (18) (19) , and subcellular components such as Golgi bodies, mitochondria, plasma membrane, vacuolar membrane, Golgi membrane, and chloroplasts have also been studied (20 -22) . These reports have focused on mapping the proteins and constructing a data base of expressed proteins of various tissues and subcellular components but have not addressed the changes in protein expression over time that are critical to understanding development in complex organisms.
Differential proteome analyses, which systematically study changes in the proteome during growth and development and under diverse environmental stimuli, are the next challenge in proteomics. Studies of environmental stimuli have focused on searching for marker proteins in response to stimuli, such as treatment with the plant hormones jasmonic acid (23) , brassinolide (24) , or gibberellin (19, 25) ; growth under salt (26) ; drought (27) ; ozone stress (28) ; and infection with blast fungus (29, 30) or Rice yellow mottle virus (31) .
Time course-dependent protein expression analyses would also be important because quantitative measures of reproducibility were not reported nor were rigorous quantitative analyses applied to group proteins into expression classes. Recently, using the de-etiolated (greening) of maize chloroplast as a model system, a general protocol that can be used to generate high quality, reproducible data sets for comparative plant proteomics was developed (32) . In this report, hierarchical and nonhierarchical statistical methods were used to analyze the expression patterns of 526 high quality, unique protein spots on two-dimensional (2D) 1 gels. The basal region of rice seedlings, including the crown, is a functionally important region where many critical metabolic and regulatory activities take place that eventually control the height and robustness of the plant. In a previous study, we analyzed the leaf sheath proteome, which includes proteins of the basal region (16, 19) . No clear function could be predicted for 20% of the proteins in the leaf sheath proteome, but a majority of proteins involved in central metabolic pathways and energy production were identified. Although the basal region is important for rice plant growth, there are as yet no quantitative measures of proteome data. In the present study, changes in basal region proteins at five time points after sowing were analyzed quantitatively. Clustering analysis of differentially accumulated proteins during development was also carried out to clarify relationships among the proteins.
EXPERIMENTAL PROCEDURES
Plant Material-Rice (O. sativa L. cv. Nipponbare) seedlings were grown in plastic seedling pots under white fluorescent light (600 m m Ϫ2 s
Ϫ1
; 12-h light period/day) at 25°C and 70% relative humidity in a growth chamber (Sanyo, Osaka, Japan).
Protein Extraction-Two grams of basal regions of fresh seedlings of each developmental stages were homogenized with 4 ml of a lysis buffer (33) containing 8 M urea, 2% Nonidet P-40, 0.8% Ampholine (pH 3.5-10 and pH 5-8, Amersham Biosciences), 5% 2-mercapthoethanol, and 5% polyvinyl pyrrolidone using a glass mortar and pestle on ice. Homogenates were centrifuged twice at 15,000 rpm in a RA-50 JS rotor (Kubota, Tokyo, Japan) for 5 min each. The supernatants of 40 l (100 g of protein) were subjected to 2D-PAGE. Three independent experiments of protein extraction from the rice tissues and of 2D-PAGE analysis were performed.
Two-dimensional Polyacrylamide Gel Electrophoresis-Samples were separated by 2D-PAGE in the first dimension by IEF for low pI range (around pI 3.5-8.0) or IPG tube gels (Daiichi Kagaku, Tokyo, Japan) for high pI range (pI 6.0 -10.0) and in the second dimension by SDS-PAGE. IEF tube gels (11-cm length and 0.3-cm diameter) were prepared by filling with IEF gel solution consisting of 8 M urea, 3.5% acrylamide, 2% Nonidet P-40, and 2% Ampholine (pH 3.5-10 and pH [5] [6] [7] [8] . Electrophoresis was carried out at 200 V for 30 min followed by 400 V for 16 h and 600 V for 1 h. For IPG electrophoresis, samples were applied to the acidic side of gels. Electrophoresis using IPG tube gels of 11 ϫ 0.3 cm was carried out at 400 V for 1 h followed by 1,000 V for 16 h and 2,000 V for 1 h. After IEF or IPG, SDS-PAGE in the second dimension was performed using 15% polyacrylamide gels with 5% stacking gels. Gels were stained with Coomassie Brilliant Blue (CBB).
Gel Image Analysis-2D polyacrylamide gels using IEF (around pI 3.5-8.0) and IPG (pI 6.0 -10.0) for first dimension were overlapped around pI 5.6. The proteins in the edges of each gel were placed carefully to overlap the corresponding proteins. 2D-PAGE images were formed and evaluated automatically, and the amount of protein in each spot was estimated with Image-Master 2D Elite software (Version 2.0; Amersham Biosciences). The amount of a protein spot was expressed as its volume, defined as the sum of the intensities of the pixels that form the spot. To correct for variability due to CBB staining and to reflect quantitative variations in the intensity of protein spots, spot volumes were normalized as a percentage of the total volume of all the spots present in a gel. The pI and molecular mass of each protein were determined using a 2D-PAGE marker (Bio-Rad).
Cleveland Peptide Mapping-Following separation by 2D-PAGE, gel pieces containing protein spots were excised, and the protein was electroeluted using an electrophoretic concentrator (Nihon-Eido, Tokyo, Japan) at 2 watts of constant power for 2 h. After electroelution, the protein solution was dialyzed against deionized water for 2 days and lyophilized. Proteins were redissolved in 20 l of SDS sample buffer (0.5 M Tris-HCl (pH 6.8), 10% glycerol, 2.5% SDS, 5% 2-mercaptoethanol) and loaded onto an SDS-polyacrylamide gel. The sample was overlaid with 20 l of a solution containing 10 l Staphylococcus aureus V8 protease (0.1 g l
; Pierce) and 10 l of SDS sample buffer. Electrophoresis was performed until the sample and protease were stacked in the stacking gel, interrupted for 30 min to allow the protein to digest (34) . After electrophoresis, gels were stained with CBB.
N-terminal and Internal Amino Acid Sequence Analyses-Proteins were sequenced by electroblotting onto a PVDF membrane (Pall, Port Washington, NY) and detected by CBB staining. Stained proteins were excised from the PVDF membrane and directly subjected to Edman degradation on a gas-phase protein sequencer (Procise 494, Applied Biosystems, Foster City, CA).
Matrix-assisted Laser Desorption-Ionization Time-of-flight Mass Spectrometry-CBB-stained proteins were excised from gels, washed with 25% methanol, 7% acetic acid for 12 h at room temperature, and destained with 50 mM NH 4 HCO 3 in 50% methanol for 1 h at 40°C. After drying under vacuum, gel spots were incubated in 50 l of a reduction solution (10 mM EDTA, 10 mM DTT, and 100 mM NH 4 HCO 3 ) at 60°C for 1 h. The gel spots were dried under vacuum and incubated in 50 l of an alkylation solution (10 mM EDTA, 10 mM iodoacetamide, 100 mM NH 4 HCO 3 ) at room temperature for 30 min in the dark. After washing with water, the gel spots were minced, dried under vacuum, and digested in 50 l of 10 mM Tris-HCl (pH 8.0) containing 1 pM trypsin (Sigma) at 37°C for 10 h. Acetonitrile (100 l) containing 0.1% trifluoroacetic acid was added to each gel piece and sonicated. Purification of the generated peptides was achieved using Zip-Tips (Millipore, Bedford, MA). The purified peptides (2 l) were added directly to a 10 mg ml Ϫ1 ␣-cyano-4-hydroxycinnamic acid, 0.3% trifluoroacetic acid, 50% acetonitrile matrix and air-dried onto a plate for analysis using MALDI-TOF MS (Voyager-DE RP, Applied Biosystems). Matching of empirical peptide mass values with theoretical digests and sequence information obtained from the data base was performed using Mascot Version 2.0 software (Matrix Science Ltd., London, UK).
For MALDI-TOF analysis, four criteria were used to assign a positive match with a known protein. (i) The deviation between the experimental and theoretical peptide masses should be less than 50 ppm. (ii) At least four different predicted peptide masses needed to match the observed masses for an identification to be considered valid. (iii) The coverage of protein sequences by the matching peptides must reach a minimum of 10%. (iv) The score that was obtained from the analysis with Mascot software indicates the probability of a true positive identification and must be at least 50.
Clustering Analysis-Clustering protein time course data for the estimation of interactions were analyzed using the clustering method unweighted pair group method with arithmetic mean (UPGMA).
Clustering analysis was performed by two steps as follows. The first step was clustering. Time course-specified clustering analysis was generated in the following way. The time course was normalized with the initial value and then evaluated by the natural logarithm of that normalized value. Next the clustering process in two phases was performed. The first phase was a normal clustering using time course, and the second phase was using fluctuation of time course where fluctuation was evaluated at each time point as the difference between the current and its previous time course. Because the intersection in these two phases of clustering was considered, the cluster was always contained in the same group regardless of the clustering process (using time course or its fluctuation) if the group contained the cluster.
The second step was estimating interaction between clusters. The clusters that interacted were estimated by the representative time course that was calculated at each time point using the medium value. The medium value was calculated using the representative time course for each cluster evaluated in the first step. Mathematical gene interaction network optimization software (Minos) was developed to estimate cluster interaction. Minos utilized the S-system differential equation and estimated cluster interaction by a set of differential equation coefficients that simulates the time course. . Seven hundred proteins were analyzed. In the first dimension, IEF (low pI range) and IPG (high pI range) were used and overlapped at around pI 5.6. The pI and relative molecular mass of each protein were determined using a 2D-PAGE marker (Bio-Rad).
to the time course of clusters. g ij represented the relation between expression of the jth cluster and the expression generation rate of the ith cluster. As for h ij , if h ij was negative or positive, the formula was increased or decreased, respectively. To estimate cluster interaction, g ij and h ij for simulating the time course were calculated.
RESULTS

Protein Identification by Two-dimensional Polyacrylamide
Gel Electrophoresis-Building a reference proteome map for the basal region in rice seedlings is a prerequisite for analyzing protein expression during development of the tissue and is constructed by separating the proteins according to their intrinsic charge (pI) and molecular weight. The 2D map of proteins was reproducibly observed in several independent experiments with the high and low pI ranges overlapping at around pI 5.6 ( Fig. 2A) . The 2D map of the basal region consisted of about 700 proteins identified using Image-Master 2D Elite software (Fig. 2B ). The basal region contained a high abundance of proteins in the acidic pI range from around pI 4.5 to 6.0 (Fig. 2B) . Using only the IEF (for pI range around pI 3.5-8.0) gel for first dimension separation, 352 protein spots were detected by 2D-PAGE and CBB staining (16), whereas using the IEF and IPG (for high pI range pI 6.0 -10.0) gels, 431 proteins were detected (19, 25) . The IEF and IPG gels with gradient SDS-PAGE can resolve proteins over a wide range (from around pI 3.5 to 10). The present study showed 700 protein spots in 2D-PAGE using IEF and IPG gels in the first dimension.
Identification of Proteins Expressed Differentially during Development-To identify proteins that are regulated during development, 2D maps of tissue from seedlings grown for 2, 4, 6, 8, and 10 weeks after sowing were constructed ( Fig. 2 and data not shown). Observations of triplicate 2D gels of the ϳ700 proteins detected in the basal region showed that 31 were increased and 30 were decreased relative to expression in 2-week-old seedlings during the observed 8 weeks of development with 10% increasing or decreasing as determine by 2D Elite software, respectively (Fig. 3) . These regulated proteins were identified by MALDI-TOF MS and/or protein sequencing (Tables I and II) . The N-terminal sequences of about two-thirds of the proteins could not be sequenced, likely due to a blocking group at the N terminus. The percentage of N-terminally blocked proteins encountered in the basal FIG. 3 . Protein expression during development of the rice basal region. Rice seedlings were grown for 2 (columns 1), 4 (columns 2), 6 (columns 3), 8 (columns 4), and 10 (columns 5) weeks after sowing. Proteins were extracted from the basal region in seedlings, separated by 2D-PAGE, and detected by CBB staining. Following scanning, the gel patterns were analyzed using the 2D Elite software, and the relative abundance ratio of proteins was determined. Compared with the abundance of the 2-week-old seedling sample, increased (A) or decreased (B) proteins after the time point are shown. The numbers refer to the spot numbers as given in Fig. 1 . b Molecular mass (MM) and pI are from the gel in Fig. 1 region was 64%. Of the proteins found to increase in expression during development, 65% (20 of 31) and 63% (19 of 31) of proteins showing decreased expression were N-terminally blocked. This result was consistent with a previous study that found that of 134 rice proteins, 79 (59%) were found to have blocked N termini (15) . The numbers refer to the spot numbers as given in Fig. 1 . b Molecular mass (MM) and pI are from the gel in Fig. 1 
. c Methods of protein identification: MS and Edman degradation (Ed). d N-terminal (N-) and internal (I-) amino acid sequences as determined by Edman degradation.
e The values indicate the sequence coverage for MS and the homology for the identity protein sequences for Edman degradation, respectively. f Accession numbers in NCBI data base.
The developmentally regulated basal region proteins had different time courses of expression. The representative trend lines are shown in Fig. 4 . Five different time course expression patterns could be discerned for proteins with increased expression ( Fig. 4A) : (i) a continuous increase (Numbers 161 and 253), (ii) an increase from 2 to 6 weeks with a decrease from 8 and 10 weeks (Numbers 61, 108, 119, 465, 547, 575, and 597), (iii) an increase from 2 to 6 weeks, a decrease at 8 weeks, and an increase at 10 weeks (Numbers 19, 21, 64, 105, 121, 143, 193, 380, 393, 433, 477, 496, 531, and 606), (iv) no increase until 4 weeks, a decrease from 6 to 8 weeks, and an increase at 10 weeks (Numbers 409, 416, 491, 577, and 622), and (v) an alternating increase and decrease at successive time points (Numbers 502, 518, and 572).
Proteins that decreased during development had five different expression patterns (Fig. 4B) : (i) a continuous decrease (Numbers 228 and 319), (ii) a decrease from 2 to 6 weeks with an increase from 8 to 10 weeks (Numbers 274, 314, 500, 539, and 590), (iii) a decrease for the first 8 weeks with an increase in the final week (Numbers 210, 271, 325, 332, 381, 487, 558, 571, 609, 611, and 614), (iv) a decrease through the first few weeks with a sudden increase at 6 or 8 weeks followed by a decrease at 10 weeks (Numbers 155, 181, 265, 348, 373, 605, and 642), and (v) an alternating decrease and increase at successive time points (Numbers 47, 95, 194, 431, 569, and 642).
Abundant proteins were identified, and their functions were determined using the classifications by Bevan et al. (35) . The developmentally regulated proteins were functionally involved with primary metabolism, transcription, protein synthesis, transport or targeting and storage, signal transduction, energy, cell structure, defense, secondary metabolism, and functions that have not been defined ( Fig. 5 and Tables I and  II) . Elongation factors (elongation factor Tu, Number 105; elongation factor 1␤Ј, Numbers 491 and 496) increased, and ribosomal proteins (60 S ribosomal protein L19, Numbers 319 and 348; 50 S ribosomal protein L33, Number 381; 60 S ribosomal protein L8, Number 558) decreased during basal region development. The cell structure protein ␤-expansin (Number 409) increased, whereas ␣-tubulin (Number 609) 
FIG. 5. Assignment of the identified proteins to functional categories.
After assessment of each protein using the classifications described by Bevan et al. (1998) , the total number and the percentage of proteins in each category were determined. The distribution of proteins in each functional category is shown for proteins that increased and decreased during development of basal region in rice seedlings based on the total number of proteins identified.
decreased. The heat shock proteins, which have a range of functions including cell targeting and storage, both increased and decreased.
Several proteins were identified as the same protein having the same molecular weights but different pI values that were expressed differentially during development (Table III) . Calreticulin precursor with pI 5.5 (Number 155) and pI 4.0 (Number 161) decreased and increased, respectively, during development of the basal region. Two other sets having different pI spots were enolase, pI 5.1 (Number 193) and pI 5.0 (Number 194), increased and decreased, respectively, and voltage-dependent anion channel (VDAC) protein, pI 7.5 (Number 500) and pI 7.2 (Number 502), decreased and increased, respectively. In a previous report, twin protein spots identified as calreticulin had isoelectric points (pI values of 4.0 and 4.3) and expression levels that were changed by gibberellin (GA 3 ) treatment of the leaf sheath (25) . Expression of the pI 4.0 protein was down-regulated, whereas the pI 4.3 protein was up-regulated when the leaf sheath was treated with GA 3 .
Identification of Basal Region Developmentally Repressed and de Novo Proteins-Five proteins that were completely repressed and two that appeared de novo during development were also identified (Fig. 6A) , and the relative amounts were estimated (Fig. 6B) . Of the five repressed proteins, two were detected only at week 2 (Numbers 78 and 320), two were absent at 10 weeks (Numbers 331 and 524), and one was absent from 8 weeks onward (Number 534). These proteins were heat shock protein 82, an as yet unidentified protein, putative GTP-binding protein, cellulose synthase-like, and RSSG8 mRNA (Table IV) . The two de novo proteins detected from 6 weeks on were calreticulin precursor (Fig. 6B, spot b) and ␤-tubulin (spot e).
Cluster Analysis of Basal Region Proteins-Proteins that were regulated during development of the basal region but whose functions were unknown were also tentatively identified by cluster analysis (Tables I and II) . Because the time course data of five points (2, 4, 6, 8, and 10 weeks) has very few constraints with 61 regulated proteins, clustering protein time course data for the estimation of the interaction was used. Using this analysis, proteins that are regulated by other proteins or proteins that regulate another protein are classified into the same cluster. When proteins are classified into the same cluster, they are assumed to have the same regulation as other members of the cluster. The 31 developmentally up-regulated and 30 down-regulated proteins were analyzed by the UPGMA clustering method, and 32 clusters were found. Interactions of these clusters were estimated by the S-system (Fig. 7) .
The unknown protein represented by spot Number 19, which increased during development, was identified as O. sativa genomic DNA ( Table I ), indicating that the protein was expressed from an ORF in the published genomic DNA sequence. Protein Number 19 negatively regulated Cluster 29 (Number 228, ADP-ribose pyrophosphatase) but was regulated both negatively and positively by Cluster 30 (Number 181, Rubisco-binding protein ␤-subunit; and Number 319, 60 S ribosomal protein L19) and by Clusters 13 (Number 577, antiviral protein 2 precursor) and 15 (Number 433, fructokinase), respectively (Fig. 5) . Protein Number 64, ORC4 (origin recognition complex), belonged to Cluster 10 with enolase (Number 193), UTP-glucose-1-phosphate uridyltransferase (Number 253), and elongation factor 1␤Ј (Number 496). Cluster 10 was regulated by Cluster 17 (Number 569, tyrosyl-tRNA synthase). Protein Number 108, NAC6, was part of Cluster 4, which did not interact with any other clusters. Protein Number 531, a nucleoprotein constituent of Cluster 12, was negatively regulated by Cluster 16 (Number 155, calreticulin precursor). Protein Number 597 of Cluster 11 translationally controlled tumor protein homolog, positively regulated Cluster 27, neg- The numbers refer to the spot numbers as given in Fig. 1 . b Molecular mass (MM) and pI are from the gel in Fig. 1 . c Methods of protein identification: MS and Edman degradation (Ed). d N-terminal (N-) and internal (I-) amino acid sequences as determined by Edman degradation. e Direction of change in protein level during development of the basal region: Up, increased; Down, decreased. f The values indicate the sequence coverage for MS and the homology for the identity protein sequences for Edman degradation, respectively. g Accession numbers in NCBI data base.
atively regulated Clusters 6 and 31, and was negatively regulated by Cluster 17. Among the down-regulated proteins of unknown function, Number 431, abnormal long morphology protein, was a member of Cluster 32 along with transcription factor MADS21 (Number 210), voltage-dependent anion channel (Number 500), 60 S ribosomal protein L8 (Number 558), and ␣-tubulin (Number 609). Cluster 32 regulated Clusters 18 and 21 positively and was negatively regulated by Cluster 21.
DISCUSSION
The Basal Region and Leaf Sheath Proteome-Proteins from leaf sheaths, including the basal region, of seedlings have been analyzed because the tissue was found to be important in the regulation of the height of rice plants (16, 19, 25) . The detected protein spots in the basal region were more abundant than in leaf sheath because the leaf sheath proteins form a subset of the total basal region proteome. Because the same weights of leaf sheath and basal regions were extracted and the leaf sheath contained more water than the basal region, extracts from the leaf sheath contained less protein mass than the basal region extracts. Few of the developmentally regulated proteins corresponded with proteins from the leaf sheath proteome data base, suggesting that the developmentally regulated proteins had low or non-existent expression levels in the leaf sheath.
In this study, the protein from the basal region was extracted with a lysis buffer according to the method of O'Farrell (33) . The lysis buffer has been well established for soluble protein extraction from rice tissues (9). Therefore we thought that the lysis buffer would be suitable for protein extraction from the basal region.
Function of Developmentally Regulated Proteins-The proteins that are regulated during development of the basal region were classified according to function. This is a helpful tool for visualizing the general distribution of functions served by the proteins of a given tissue. The largest portion of protein function was dedicated to central metabolic pathways, energy production, and protein synthesis and maintenance ( Fig. 5 and Tables I and II) .
Cell elongation and expansion were important steps for development of the basal region. Expansin (Number 409) was identified because of its ability to restore long term extension to cell walls that were isolated from growing plant tissues. The mechanism of expansin action appears to involve disruption of the hydrogen bonds between cellulose microfibrils and cross-linking glycans (36) . This function is supported by the observation that expansin increased almost continuously during development of the basal region (Fig. 3A) . However, ␣-tubulin (Number 609), a cytoskeletal component, decreased during development (Fig. 3B) , and cellulose synthase-like protein (Number 524) was completely repressed by 10 weeks in seedlings (Fig. 6B) . These proteins were thought to increase during development because of their importance in cell growth. These results suggest that cell growth and the proteins that regulate cell structure are complex mechanisms, that the presence or absence of individual proteins in a given tissue cannot be surmised based on putative functions, and that much more work is required to fully understand the role of regulatory factors in tissue and organ formation.
Protein synthesis regulation is also an important factor during development. Elongation factors EF-Tu (Number 105) and EF-1␤Ј (Numbers 491 and 406) increased during development (Table I) , whereas ribosomal proteins decreased (Table II) . These contradictory results of the intuitive role of proteinsynthesizing components indicate that further research will be needed specifically on the interactions and downstream ef- fects of the regulated proteins in protein synthesis during development.
Changes in protein levels alone do not imply changes in function as many proteins are known to be regulated by post-translational modifications. It is possible that post-translational modifications, such as phosphorylation, may affect in-gel migration of a protein such that a protein classified as repressed may be present elsewhere on the gel or that a putative de novo protein may be found in a new place in the array. As shown by the present study, it is possible to precisely identify the modulation of calreticulin precursor during development of the basal region (Table III) . Calreticulin precursor showed an expected molecular mass of 56 kDa and was represented by twin spots on 2D-PAGE (Numbers 155 and 161) having pI values of 5.5 and 4.0, respectively (Fig. 3) . Furthermore this protein was detected as a developmentally specific protein and was located between Numbers 155 and 161 on the gel (Fig. 6B, spot b) . Calreticulin shifted from Number 155 to spot b and Number 161, or from a high pI spot to low pI spots. In a previous study, when leaf sheaths were elongated by GA 3 treatment, calreticulin shifted from pI 4.0 (low pI) to pI 4.3 (high pI) (25) . The calreticulin shifts observed during development of the basal region and GA-stimulated elongation of leaf sheath, however, were in opposite directions. A previous study has shown the involvement of in vivo phosphorylation activity of calreticulin (pI 4.3) in long term rice cultured suspension cells but not in short term cultured cells (37) . These findings suggest that a transient state of calreticulin plays an important role in signal transduction cascades by affecting Ca 2ϩ homeostasis during developmental regulation. Enolase has also been identified as twin spots (Table III) . Several genes for enolase have been found in public data bases (NCBI or DDBJ). It is indicated that the twin spots are different members of the same gene family. Enolase is a ubiquitous enzyme that catalyzes the conversion of 2-phosphoglycerate to phosphoenolpyruvate, the only dehydration step in the glycolytic pathway. Expression of the enolase gene in tomato was significantly higher in root than in green tissue and was higher in ripened pink fruit than in green fruit. In Arabidopsis, enolase gene expression was constant in different tissues (38) . In the present study, the enolases having pI 5.1 (Number 193) and pI 5.0 (Number 194) increased and decreased, respectively, during development (Fig. 3) . Because glycolysis plays a role in energy metabolism, differential expression of enolase isoforms would regulate the metabolism during development of the basal region when the tissue requires energy. In Arabidopsis, enolase was localized to the cytosolic face of the outer mitochondria membrane (39), suggesting that the enolase increased during development (Number 193) is attached to mitochondria and is functional. VDAC is a mitochondrial outer membrane ion channel that allows the diffusion of negatively charged solutes like succinate, malate, and ATP in the fully open state. Expression of three of the four identified genes of the rice vdac family (Osvdac1, Osvdac2, and Osvdac3) were investigated (35) . Osvdac1 and Osvdac3 were differentially expressed, whereas Osvdac2 was constitutively expressed in all tissue. Based on N-terminal amino acid sequences, the VDAC having a pI of 7.2 (Number 502) corresponded to OsVDAC1 and increased during development. The VDAC having a pI of 7.5 (Number 500) corresponded to OsVADC2 and decreased during development. The differential expression caused by developmental regulation of rice VDAC in the basal region is most probably coordinated by differential regulation of the genes. It is suggested that differentially accumulated isoform proteins play an important role during development of the basal region.
Seven proteins had developmentally specific expression ( Fig. 6 and Table IV ). The functions of the proteins were: chaperone, signal transduction, cell structure, and unknown. HSP82 accumulated only in the 2-week-old sample, suggesting that HSP82 plays a role in protein folding and maintenance in an early developmental stage. A cytoskeletal component, a Spots a-g are shown in Fig. 2 . The numbers in parentheses refer to the spot numbers as given in Fig. 1 . b Molecular mass (MM) and pI are from the gel in Fig. 1 . c Methods of protein identification: MS and Edman degradation (Ed). d N-terminal (N-) and internal (I-) amino acid sequences as determined by Edman degradation.
e The values indicate the sequence coverage for MS and the homology for the identity protein sequences for Edman degradation, respectively.
f Accession numbers in NCBI data base.
␤-tubulin 7, increased during development. As discussed above, cytoskeletal and cell structure component ␣-tubulin and cellulose synthase-like protein were differentially regulated. Because only those regulated proteins that underwent major changes during development were analyzed, proteins that are subject to more subtle regulation will need to be studied to understand in detail the mechanisms of basal region development.
Estimation of Proteins of Unknown Function by Cluster
Analysis-Although a growing number of comparative proteomic studies have been reported in plant systems, the grouping of proteins into expression classes has generally been qualitative, and rigorous quantitative measures have been lacking. In the present study, a clustering approach was used to determine relationships in protein expressions (Fig. 7) . Using clustering analysis, identified proteins with an unknown function can be related to other proteins whose functions have been determined. A protein that was found to increase during development of the basal region was identified only as O. sativa genomic DNA. This protein (Number 19) was upregulated by Cluster 13 (Number 577, antifungal protein 2) and Cluster 15 (Number 433, fructokinase) and was down- suggest that Number 19 protein is related to pathogen defense, sugar metabolism, and protein maintenance. Abnormal long morphology protein (Number 431 in Cluster 32) and nucleoprotein (Number 531 in Cluster 12) were regulated negatively by calreticulin precursor (Number 155 in Cluster 16), suggesting that these proteins were regulated under Ca 2ϩ signaling. ORC4 (Number 64 in Cluster 10) and translationally controlled tumor protein homolog (Number 597 in Cluster 11) were negatively regulated by tyrosyl-tRNA synthase (Number 569 in Cluster 17) and may be directly related to protein synthesis. Because the other functionally unknown protein NAC6 (Number 108 in Cluster 4) did not interact with other clusters, it is not possible to extrapolate its function.
In conclusion, the technique of differential display of proteins with 2D-PAGE presents a powerful approach to the study of complex patterns of protein expression under different developmental stages, and cluster interaction analyses based on the S-system will be invaluable for the identification of protein functions. This approach will be applied to resolving the interactions for proteins and will lead to identifying the roles for proteins involved in rice plants development.
